J
ohne's disease (JD) of cattle and other ruminants is caused by a chronic enteric infection by Mycobacterium avium subsp. paratuberculosis. JD is characterized by a long asymptomatic latency period during which animals display variable humoral and inflammatory immune responses (1, 2) . During the symptomatic phase of infection, there is a progressive inflammatory enteritis, diarrhea, and significant weight loss (3) . The infected host sheds M. avium subsp. paratuberculosis throughout the course of infection but especially during the late stages. Shedding occurs primarily in the feces (4) but has also been detected in milk (5) . Large quantities of M. avium subsp. paratuberculosis shed by infected cattle survive for extended periods in the environment and persist after high-temperature, short-time pasteurization, raising concerns about contamination of dairy products (6) . M. avium subsp. paratuberculosis has been shown to infect primates and has been postulated to be a cause of Crohn's disease in humans (3) . The zoonotic potential of this infection and its already devastating impact on cattle and sheep have fueled extensive study into its pathogenesis. A priority is to determine the mechanisms by which M. avium subsp. paratuberculosis subverts the host immune system to establish chronic infection. Understanding these mechanisms may represent a critical step toward the development of either effective vaccines or therapeutics.
Cattle exhibit highly variable responses to M. avium subsp. paratuberculosis infection, and, similar to the well-documented high rates of human resistance to Mycobacterium tuberculosis (7) , not all calves exposed to the pathogen develop JD (8) . This suggests that genetic and/or environmental factors predispose animals to disease. A recent meta-analysis of two genome-wide association studies revealed multiple loci associated with M. avium subsp. paratuberculosis infection of cattle, indicating that genetic susceptibility to infection is complex, involving 11 different chromosomes (9) . Therefore, understanding the regulation of immune responses to this pathogen in an outbred population is a daunting challenge. Furthermore, the eradication of M. avium subsp. paratuberculosis is complicated by its persistence in soil, feed, and water, and as a result, strategies for controlling the spread of infection have focused on herd management. The ability to distinguish animals that effectively control M. avium subsp. paratuberculosis infection from more susceptible animals might provide a way to selectively enhance the health of cattle and decrease the zoonotic threat.
Monitoring global responses at the level of cellular kinase ac-tivity (the kinome) is an effective approach to understand complex biology as well as to identify therapeutic targets and biomarkers (10) . Many methods have been used to assay kinase activity under different conditions, each with advantages and disadvantages (11) . While peptide array approaches that attempt to identify novel phosphorylation sites may lead to false positives, focused arrays that employ a subset of better-characterized phosphorylation sites are powerful tools to profile pathways of interest. Specifically, kinome profiling offers a way to differentiate individuals at a phenotypic level, with the potential to reveal adaptive or maladaptive shifts in host signaling patterns in response to a pathological state such as infection. Previously, using a bovine-specific peptide array developed in our lab, we used kinome analysis to reveal specific mechanisms through which M. avium subsp. paratuberculosis influences the ability of bovine monocytes to respond to gamma interferon (IFN-␥) and Toll-like receptor ligands (12, 13) . These investigations highlighted mechanisms employed by the pathogen to alter innate immune responses as well as the power of kinomics to reveal host signaling events following infection.
Here, employing a bovine intestinal segment model developed by our group to restrict M. avium subsp. paratuberculosis infection to specific sites in the intestine (19) , we monitored adaptive immune responses in parallel with kinome profiling of ileal tissues from M. avium subsp. paratuberculosis-infected and uninfected intestinal compartments. Kinome profiling of tissues is an ambitious but not unprecedented approach to understand shifts in kinase activities in pathology, and it has provided insights into aberrant signaling in different cancers (14) (15) (16) . We targeted the early (1-month) phase of M. avium subsp. paratuberculosis infection since antibody responses can be detected in subclinical M. avium subsp. paratuberculosis infections (1). Furthermore, it has been suggested that host responses during the first few weeks after infection may determine whether JD develops (17) . We hypothesized that M. avium subsp. paratuberculosis infection for 1 month should provide sufficient time for imprinting the host immune response to M. avium subsp. paratuberculosis and allow us to explore potential relationships between global kinase activity at the site of infection and immune responses occurring in gut-associated lymphoid tissue.
MATERIALS AND METHODS
Calves, surgery, and infection with Mycobacterium avium subsp. paratuberculosis. All experimental protocols were performed following the guidelines approved by the Canadian Council on Animal Care. Protocols for animal housing, anesthesia, surgery, M. avium subsp. paratuberculosis infection, and postsurgical care were performed as previously described (18, 19) . Young calves are most susceptible to JD (4), and four calves that were 2 weeks old were inoculated with M. avium subsp. paratuberculosis in surgically isolated intestinal compartments. Briefly, a 30-to 35-cm segment of intestine was surgically isolated, proximal to the ileocecal fold, and subdivided into three equal compartments using silk ligatures. The distal and middle compartments were injected with 1 ϫ 10 8 to 3 ϫ 10 8 CFU of M. avium subsp. paratuberculosis strain K10 (preparation is described below) in a final volume of 5 ml phosphate-buffered saline (PBS). The proximal compartment of the intestinal segment was injected with 5 ml PBS. Postsurgically, calves were treated with 1.1 mg/kg flunixin (Banamine; Schering Plough Canada Inc., Pointe Claire, Quebec, Canada) for 3 days and with 3 to 4 mg/kg enrofloxacin (Baytril; Bayer Inc.) for 5 days. Three uninfected calves of similar age from the same herd were included as negative controls. Calves were maintained on a whole-milk diet for 4 weeks. Blood for the isolation of serum and peripheral blood mononuclear cells (PBMCs) was collected 1 day before animals were euthanized for collection of tissue samples (ileal intestinal compartments and contents, spleen, and mesenteric lymph node [MLN] ). Preparation of M. avium subsp. paratuberculosis inoculum and lysate. M. avium subsp. paratuberculosis strain K10 was a generous gift from Marcel Behr (McGill University Health Center, Montreal, Quebec, Canada). One loop of K10 culture grown on Middlebrook 7H10 agar (BD Bioscience, Canada) was inoculated into 50 ml of Difco Middlebrook 7H9 broth (BD Bioscience, Canada) and incubated on a rotary shaker for 5 days at 37°C. M. avium subsp. paratuberculosis cultures were centrifuged at 3,000 ϫ g at 4°C for 15 min in a preweighed sterile 50-ml centrifuge tube. The supernatant was discarded, and the bacterial pellet was allowed to dry for 30 min in the inverted tube before obtaining a final weight. The weight of the dry bacterial pellet (tube with pellet minus tube weight) was calculated and total CFU calculated on the basis of previous titration experiments (19) . M. avium subsp. paratuberculosis lysate for cell stimulation experiments was prepared from 5-day cultures of M. avium subsp. paratuberculosis grown in Middlebrook 7H9 broth as described previously (19) except that the protein concentration of the lysate was measured using the Bio-Rad Bradford reagent (Bio-Rad Laboratories, Mississauga, Ontario, Canada). Phenylmethylsulfonyl fluoride (PMSF) (Sigma-Aldrich, Canada) was added to the bacterial lysate (final concentration, 1 mM) before storage at Ϫ20°C.
Tissue collection and histology. Tissues for kinome analysis and pathology were collected from infected and uninfected intestinal compartments immediately after euthanizing the calves. A 4-to 5-cm segment of each infected ileal compartment and the adjacent uninfected ileal compartment, including contents, was collected and fixed in 10% neutral buffered formalin (VWR, Westchester, PA) for histopathological examination. The remaining tissue from each compartment was then opened longitudinally, the contents were removed, and longitudinal strips of intestinal tissue measuring 0.5 cm by 3 cm were collected, placed into cryovials, and snap-frozen in liquid nitrogen prior to storage at Ϫ80°C. Histology samples fixed in 10% neutral buffered formalin (NBF) were embedded, sectioned, and acid-fast stained by Prairie Diagnostic Services (Saskatoon, Saskatchewan, Canada). Photos were taken through an Olympus BX41 microscope with a flip-out condenser and a 100ϫ UPlan Fluorite oil immersion lens using a 12 Megapixel Olympus DP71 camera with DP controller acquisition and managing software (Olympus).
Blood was collected from the jugular veins of calves at 4 weeks after M. avium subsp. paratuberculosis infection and 1 day prior to euthanizing. PBMCs were isolated following a previously described protocol (20) . Briefly, blood was centrifuged at 1,400 ϫ g for 20 min at room temperature before collecting the buffy coat and resuspending cells in 35 ml Ca 2ϩ -and Mg 2ϩ -free PBS (PBSA) containing 0.1% EDTA. Cells were layered onto isotonic 54% Percoll (GE Health Bio-Sciences AB, Uppsala, Sweden) and centrifuged at 2,000 ϫ g for 20 min at room temperature. Cells at the Percoll-PBS interphase were collected and washed three times with PBS before resuspending PBMCs at a final concentration of 2 ϫ 10 6 viable cells/ml in RPMI medium (Invitrogen, Burlington, Ontario, Canada) containing 10% fetal bovine serum (FBS) (Invitrogen) plus antibiotics and antimycotics (Sigma-Aldrich Canada, Oakville, Ontario, Canada). Mesenteric lymph nodes (MLNs) and spleens were collected immediately after euthanizing calves, and tissues were placed in ice-cold Dulbecco modified Eagle medium (DMEM) (Sigma-Aldrich Canada). For lymph nodes, pericapsular fat was removed before the lymph node was cut and immersed in PBSA. The tissue was minced finely with a scalpel blade to release single cells. The cell suspension was passed through a 40-m nylon cell strainer (Becton Dickson Labware, Franklin Lakes, NJ) and cells washed three times with PBSA containing 0.1% EDTA and one time with only PBSA before being resuspended at a final concentration of 2 ϫ 10 6 cells/ml in DMEM supplemented with 10% FBS, antibiotics, and antimycotics. Spleens were minced and strained as described above to release and isolate single cells, and the cells were centrifuged at 1,200 rpm for 10 min at 4°C. Medium was poured off and red blood cells lysed by a short treat-ment with double-distilled water (ddH 2 O), followed by addition of 1/10 volume of 10ϫ PBSA to restore isotonic pH and three washes in PBSA. Splenocytes were counted on a hemocytometer using trypan blue stain and resuspended to a concentration of 2 ϫ 10 6 cells/ml in DMEM supplemented with 10% FBS, antibiotics, and antimycotics.
Immune assays. PBMCs, MLN cells, and splenocytes were cultured in 96-well tissue culture plates (Thermo Fisher Scientific, Rochester, NY) in a final volume of 200 l DMEM supplemented with 5% FBS, antibiotics, and antimycotics. Separate 96-well plates were set up to allow two separate stimulations, one for measurement of lymphocyte proliferation (2 ϫ 10 5 cells/well in triplicate) and the other to quantify IFN-␥ secretion (5 ϫ 10 5 cells/well in duplicate). For each lymphoid tissue, cultures were stimulated with either medium alone, 1 g/ml M. avium subsp. paratuberculosis lysate, or 1 g/ml concanavalin A (Sigma-Aldrich Canada), and the cultures were incubated at 37°C in a humidified atmosphere containing 5% CO 2 . IFN-␥ secretion into the culture supernatants was measured 48 h after stimulation with a capture enzyme-linked immunosorbent assay (ELISA), as described previously (21 Immunoblotting. Total M. avium subsp. paratuberculosis lysate prepared in PBS containing protease inhibitors as described above was supplemented with concentrated Laemmli SDS-PAGE buffer to 1ϫ with a final concentration of 2.5% ␤-mercaptoethanol. The lysate was heated for 5 min at 95°C and then cooled to room temperature. Lysate samples (1.25 g/lane) were separated by SDS-PAGE in a 1.0-mm Tris-glycine minigel and blotted onto a polyvinylidene difluoride (PVDF) membrane. Membranes were blocked with 5% skim milk-Tris-buffered saline (TBS)-0.05% Tween 20. Bovine sera collected prior to and after experimental infection were diluted 1:100 in 5% skim milk-TBS-Tween 20 before being applied to each blot. Blots were washed, and bound antibody was detected with alkaline phosphatase (AP)-conjugated goat anti-bovine IgG(HϩL) antibody (KPL Laboratories, Gaithersburg, MD), followed by SigmaFast 5-bromo-4-chloro-3-indolylphosphate (BCIP)-nitroblue tetrazolium (NBT) (Sigma-Aldrich, St. Louis, MO). Blots were dried and scanned with an HP Scanjet G4050 at 600 dpi (grayscale).
Kinome array experiments. The design, construction, and application of the bovine peptide arrays were carried out essentially as previously described (13, 22, 23) . The kinome arrays used were specifically designed for analysis of signaling involved in immune function and were previously applied to bovine monocytes infected with Mycobacterium avium subsp. paratuberculosis (12, 13) . Kinome array experiments were all performed within a single assay on the same day to minimize technical and interassay variance. Briefly, ileal intestinal tissue samples flash-frozen and stored at Ϫ80°C were crushed in liquid nitrogen using a ceramic mortar and pestle. Pulverized tissue in liquid nitrogen was transferred to a tared sterile 1.5-ml microcentrifuge tube, the liquid nitrogen was allowed to evaporate, and the tissue was weighed. An 80-l aliquot of ice-cold lysis buffer (20 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM Na 3 VO 4 , 1 mM NaF, 1 g/ml leupeptin, 1 g/ml aprotinin, 1 mM PMSF, 1 g/ml pepstatin A, and 2 mM dithiothreitol [DTT] [all products from Sigma-Aldrich unless otherwise indicated]) was added per 15 mg of tissue and vortexed to mix. This homogenate was further diluted 8-fold in ice cold lysis buffer, vortexed thoroughly, and incubated on ice for 20 min to allow adequate lysis. Lysates were spun in a microcentrifuge for 10 min at 4°C. This lysis procedure produced intestinal extracts with protein concentrations of ϳ1.0 to 1.5 mg/ml, as determined by the Bio-Rad Bradford method. A 70-l aliquot of the supernatant was mixed with 10 l of activation mix (50% glycerol, 500 M ATP [New England BioLabs, Pickering, Ontario, Canada], 60 mM MgCl 2 , 0.05% vol/vol Brij 35, 0.25 mg/ml bovine serum albumin [BSA] ) and then incubated on the peptide array for 2 h at 37°C. Arrays were then washed with PBS-1% Triton.
Slides were submerged in phospho-specific fluorescent ProQ Diamond phosphoprotein stain (Invitrogen) with agitation for 1 h before washing three times in destain solution containing 20% acetonitrile (EMD Biosciences [VWR distributor], Mississauga, Ontario, Canada) and 50 mM sodium acetate (Sigma) at pH 4.0 for 10 min. A final wash with distilled deionized H 2 O was done before arrays were air dried for 20 min and centrifuged at 300 ϫ g for 2 min to remove any remaining moisture from the array. Arrays were read using a GenePix Professional 4200A microarray scanner (MDS Analytical Technologies, Toronto, Ontario, Canada) at 532 to 560 nm with a 580-nm filter to detect dye fluorescence. Images were collected using the GenePix 6.0 software (MDS). Spot intensity signals were collected as the mean of pixel intensity using the local feature background intensity calculation with the default scanner saturation level.
Kinome data analysis. The extent of phosphorylation of each peptide was determined as previously described (24) . Briefly, local background intensities were subtracted from foreground intensities, and the resulting measurements were transformed using the variance-stabilizing normalization (VSN) (25) method to bring all the arrays onto the same scale and to eliminate variance-versus-mean dependence. The resulting data set contained the transformed signal intensities associated with each of 300 peptides for the lysates from the different compartments within each animal, excluding the distal infected compartment from animal 1 and the proximal infected compartment from animal 4, which did not yield readable array results. Each array contained three intra-array (technical) replicates for each peptide.
As described previously (24), a chi-square test was used to identify peptides that exhibited significant technical variability, which were then excluded from subsequent analyses. Because a given animal had both treatment and control samples taken from it, the signal intensities for each infected intestinal compartment were subtracted from those of the corresponding uninfected compartment in the same animal. These will be referred to as "biological subtractions." The resulting values are presented as relative changes in kinase activity within the same animal. This approach minimizes interanimal variability, which can be significant in outbred cattle, and facilitates comparison of kinome responses to infection among animals.
Hierarchical clustering was used to group the samples according to the similarity of their kinome profiles. Euclidean distance was used as the distance metric, while complete linkage was used as the linkage method. A heat map was generated wherein the columns represent samples, the rows represent peptides, and the color of each cell represents the relative level of phosphorylation for a specific peptide in a specific sample. A dendrogram representing the hierarchical clustering results for the samples is shown above the heat map. The heat maps were generated using the R function heatmap.2 from the gplots package.
Using the R function prcomp, principal-component analysis (PCA) was used to reduce the dimensionality of the kinome data. Specifically, the first three principal components (PC1, PC2, and PC3), which explain the greatest amount of variation in the kinome data, were determined. The value of each of these variables was determined for each controlsubtracted compartment, and the correlations between each variable and two measures of immune response were determined as described below. The Euclidean distance was also calculated between each pair of biological subtractions. Specifically, let A i represent the signal intensity of some treatment (e.g., distal ileum) minus the signal intensity of the control for peptide i in the same animal, and let B i represent a different treatment minus intra-animal control subtraction. The Euclidean distance between these two biological subtractions is then ͙͚iϭ1 Analysis of differentially phosphorylated peptides. A given peptide was selected for further analysis if two conditions were true: first, the peptide had to be consistently phosphorylated according to the chi-square test for both the treatment and the control conditions; second, the P value resulting from a t test between the transformed treatment intensities and the transformed control intensities had to be less than 0.2. While 0.2 may seem like a liberal threshold, when doing pathway analysis, it is more important to avoid false negatives than to avoid false positives. This is due to the fact that several peptides are involved in the same biological pathway, and we are trying to identify as many of those peptides as possible. Even with a liberal P value threshold, it is unlikely that several peptides from the same biological pathway will be erroneously identified as differentially phosphorylated when that pathway is really not affected by the treatment under investigation; however, it increases the chances that peptides from pathways that really are affected by the treatment will be identified as differentially phosphorylated. An analysis of the impact of different P value thresholds on false-negative probabilities can be found in the supplemental text and in Fig. S1 in the supplemental material.
For peptides meeting the above two conditions, fold change (FC) values were calculated using the formula 2 d , where d ϭ average treatment Ϫ average control , as previously described (24) . For visual interpretation, these peptides were input with their FC values into Ingenuity Pathway Analysis (IPA) (Ingenuity Systems, Redwood City, CA) to generate top canonical pathways with color-coded measures of relative FC values. Figures for canonical pathways were generated in IPA. Peptide lists were also uploaded to InnateDB (www.innatedb.ca), a publically available analysis resource that predicts biological pathways overrepresented in a data set and assigns a probability value (P) based on the number of proteins present for a particular pathway as well as the degree to which they are differentially expressed or modified relative to a control condition. Pathway analysis was performed in InnateDB using different FC cutoffs (1.0, 1.5, and 2.0), and pathways overrepresented for each cutoff were compiled into lists for each control-subtracted compartment. To identify common pathways overrepresented in infected compartments from the same animal and to compare with infected compartments from other animals, Venn analysis was performed with the pathway names. Common pathways of interest were further investigated by comparing individual players by Venn analysis. To uncover data trends not apparent through pathway overrepresentation analysis, gene ontology analysis (also in InnateDB) was performed by testing different FC cutoffs (1.0, 1.5, and 2.0), compiling lists, and finding common ontologies for responders and nonresponders using Venn analysis. Individual peptides that were significantly differentially phosphorylated in relation to intra-animal controls for all 6 infected compartments were also identified by Venn analysis.
RESULTS
M. avium subsp. paratuberculosis infection of ileal compartments. We previously reported that surgically isolated intestinal segments prepared in 2-week-old calves could be stably maintained for up to 11 months (18), and M. avium subsp. paratuberculosis infection remained localized to individual compartments for Ͼ9 months (19) . Here, isolated segments were divided into three compartments, and the two most distal compartments were each infected with 1 ϫ 10 8 to 3 ϫ 10 8 CFU of M. avium subsp. paratuberculosis, while the most proximal compartment was injected with PBS and maintained as an uninfected control. The uninfected compartment provided an intra-animal tissue reference for comparing responses to M. avium subsp. paratuberculosis challenge while controlling for changes that occur when the intestine is surgically isolated (18) . This model also facilitated isolation of cells from the specific mesenteric lymph node (MLN) draining the site of infection for assaying immune responses to M. avium subsp. paratuberculosis antigens. A clinical veterinarian observed the animals daily throughout the course of infection, and no significant changes in body temperature, weight, feed intake, or consistency of feces were noted. Gross examination of intestinal segments at the time of collection revealed no gross abnormalities (Fig. 1A) . Acid-fast bacilli were frequently observed in the intestinal contents of each infected compartment but not in those of uninfected compartments (Fig. 1B) . Furthermore, acid-fast bacilli were also frequently observed within cell remnants present within the intestinal lumen (Fig. 1C, arrow) but were not detected within the mucosa or submucosa of the intestine. The lack of acid-fast bacilli in the intact intestinal tissue at 1 month postinfection mirrored our observation at 9 months postinfection (19) . We have previously observed early infiltration of tissues at 1, 3, and 5 days after infection under the same conditions (unpublished observations), but this early infiltration does not necessarily lead to large numbers of detectable acid-fast bacilli in the mucosa at later time points. Still, intestinal tissues within infected compartments were positive for M. avium subsp. paratuberculosis after 9 months of infection as determined by PCR (19) , indicating that the hostpathogen interaction is maintained in this infection model for at least 9 months.
Immune responses to M. avium subsp. paratuberculosis infection. Cells isolated from the blood (PBMCs), spleen, and mesenteric lymph node (MLN) (draining the site of infection) from each calf were incubated with 1 g/ml M. avium subsp. paratuberculosis lysate, and lymphocyte proliferation ( Fig. 2A) and IFN-␥ secretion ( Fig. 2B and C) were measured. In addition to the young age of the calves when infected, the use of MLN cells specifically draining the site of infection allowed greater confidence in the specificity of the responses observed, as any environmental bacteria in the ingesta encountered during the month by the calves would not be sampled by the lymph node draining the isolated segment (19) . PBMCs from animals 3 and 4 responded with significant proliferation responses to lysate (SIs of 5.6 and 7.0, respectively), while PBMCs from animals 1 and 2 did not show significant responses. Splenocytes from all infected animals failed to proliferate in response to lysate, but MLN cells from animals 1 and 2 displayed strong proliferative responses. In contrast, MLN cells from animal 3 and 4 displayed weak proliferative responses. M. avium subsp. paratuberculosis lysate-specific IFN-␥ secretion from MLN cells mirrored the results observed for proliferation, where cells from animals 1 and 2 secreted high levels of IFN-␥, while MLN cells from animals 3 and 4 secreted much lower levels (Fig. 2B) . Only PBMCs from animal 4 showed significant IFN-␥ secretion (Fig. 2C) , consistent with the proliferation observed for PBMCs from the same animal ( Fig. 2A) . We have observed differential immune responses similar to those seen here in 4 other calves at the 1-month time point after intestinal infection of the jejunum (unpublished observations), increasing our confidence that distinct immune responses can be recapitulated in the model used.
To determine if an antibody response to M. avium subsp. paratuberculosis proteins could be detected, we performed immunoblots against lysates using serum samples collected before and 1 month after infection (Fig. 2) . Both pre-and postinfection sera reacted with a band near 50 kDa, but sera from two animals reacted with an ϳ35-kDa band after infection (animals 3 and 4). PBMCs isolated from the same two animals (3 and 4) showed significant proliferation and IFN-␥ responses to M. avium subsp. paratuberculosis lysate (Fig. 2A) . Calves that lacked antibodies reactive to the 35-kDa protein at 1 month after infection (animals 1 and 2) (Fig. 2D) showed strong proliferation and IFN-␥ responses by MLN cells ( Fig. 2A) but not in PBMCs. Therefore, a dichotomy in M. avium subsp. paratuberculosis-specific immune responses was observed when comparing mucosal and systemic responses.
Kinome analysis of M. avium subsp. paratuberculosis-infected ileum. Tissue samples collected from infected and uninfected compartments were lysed, and the lysates were applied to bovine-specific kinome arrays designed as previously described (22) and processed using established methods (24) . Three separate compartments (2 infected and 1 uninfected) were analyzed from each animal (n ϭ 4), and of the 12 compartments assayed, 10 samples provided readable results. The failed samples were from infected compartments of animals 1 and 4 (distal and proximal, respectively). For each of the treatment-control combinations, the majority of the 300 peptides (cardinality range of 280 to 294) exhibited consistent levels of phosphorylation among the technical replicates on the same array for both the treatment array and the control array. Of these peptides, those with a t test P value of less than 0.2 (cardinality range of 112 to 184) were chosen for subsequent analysis to focus on the most significantly altered peptides while retaining many of the target sequences.
Hierarchical clustering and distance calculations. The processed kinome data were subjected to hierarchical clustering using Euclidean distance as the distance metric and complete linkage as the linkage method. Kinome data sets for each intestinal compartment clustered without a clear pattern prior to subtraction of biological controls (Fig. 3A) . We have previously observed that individual animals have distinct basal kinase activities and that these distinctions must be accounted for before comparing treatments across animals (12, 13, 23) . By considering the response of the treated condition relative to that of the control in the same animal, it was possible to determine and compare responses across animals. When intensity values for uninfected control compartments were subtracted from values for the infected compartments, the resulting data sets clustered perfectly by animal (Fig. 3B) . Across the animals, there appeared to be two separate clusters (Fig. 3B) . Animals 1 and 2 had the smallest Euclidean distance between the kinome profiles of their control-subtracted compartments, while the distance between those of animals 1 and 3 was the largest (Table 1) . These results indicate that animals 1 and 2 shared similar kinomic responses to infection, which were in turn distinct from those shared by animals 3 and 4 (Fig. 3A) .
Linear regression analysis of kinome profiles versus cellular responses to M. avium subsp. paratuberculosis lysates. We observed that the animals that clustered together in the hierarchical clustering analysis after subtraction of uninfected control responses (Fig. 3B ) also showed similar M. avium subsp. paratuberculosis lysate-specific proliferation, IFN-␥, and antibody responses (Fig. 2) . To further examine this relationship, PCA was carried out, allowing us to represent much of the variability in the kinome data by three variables, denoted PC1, PC2, and PC3. PC1 captured a large proportion of the variability (approximately 31%), and the value of PC1 for each control-subtracted compartment was plotted as a function of M. avium subsp. paratuberculosis-lysate specific proliferation (Fig. 4A) and IFN-␥ secretion (Fig.  4B ) of MLN-derived cells. Linear regression analysis confirmed a significant negative linear correlation between PC1 and both M. avium subsp. paratuberculosis lysate-specific SI (P ϭ 0.014) (Fig.  4A ) and IFN-␥ secretion (P ϭ 0.023) (Fig. 4B) . Neither PC2 nor PC3 showed a significant linear relationship with the MLN cell responses. These results revealed that significant differences in the overall intestinal kinome profiles of infected compartments from animals 1 and 2 or animals 3 and 4 could be correlated with the distinct responses of cells from these animals to M. avium subsp. paratuberculosis lysates.
Analysis of kinome array data. As mentioned above, hierarchical clustering of the kinome data, as well as the Euclidean distance calculations, indicated that the infected compartments from the same animals clustered closest together, followed by a close grouping of animals 1 and 2 (cell-mediated immunity [CMI] responders) distinct from animals 3 and 4 (antibody responders) ( Fig. 3B ; Table 1 ). Peptides that were significantly phosphorylated or dephosphorylated relative to the uninfected control (P Ͻ 0.2) were compiled for the different groupings (CMI responders versus antibody responders) and compared by Venn analysis (Fig. 5) . The greatest similarity was observed between antibody responders (animals 3 and 4), as predicted from the clustering (61 shared significantly altered peptides). Of the 13 peptides that were consistently differentially phosphorylated across animals, 4 belong to a pathway called "inactivation of gsk3 by AKT causes accumulation of ␤-catenin" (Pathway Interaction Database [PID] BioCarta 4022). To observe trends in the peptides that differed between the groups, data sets (P Ͻ 0.2) were uploaded to Ingenuity pathway analysis (IPA) for visual comparisons. IPA determines the top canonical path- ways represented within each data set, and it identified "molecular mechanisms of cancer" as the top canonical pathway for all 6 infected compartments analyzed. This allowed for an overall visual comparison of the top pathway for all the data sets in terms of increased or decreased phosphorylation ( Fig. 6A and  B) . It was immediately apparent that animals 1 and 2 showed distinctly higher phosphorylation of many players within this set of pathways than animals 3 and 4, where decreases in phosphorylation predominated for the same targets. Peptides corresponding to the transcription factor LEF-1 and several other players in the Wnt/␤-catenin pathway were highly phosphorylated by M. avium subsp. paratuberculosis-infected ileal lysates from animals 1 and 2 relative to uninfected ileal lysates from the same animal. Conversely, the same targets were less phosphorylated by infected intestinal lysates from animals 3 and 4 relative to their intra-animal controls (Fig. 6 , right panel, and Table 2 ). The opposite was true for some of the peptides representing proteins involved in the Wnt/␤-catenin pathway, such as ADCY8 and p300 (Table 2) .
Pathway overrepresentation analysis and gene ontology overrepresentation analysis are often used to focus on specific pathways altered within a homogenous cell population. Here we used these methods to identify trends in the global tissue profile of kinase activity against the array peptides. Significantly increased or decreased phosphorylation of multiple targets within a similar biological process or pathway provides greater confidence in the trends observed but must also be considered with caution because of the averaging of the represented kinases during whole-tissue lysis. We did not find significantly altered common pathways or gene ontologies shared across all 6 infected compartments, but we did identify several pathways and ontologies shared among infected compartments from animals with similar kinome profiles. Animals 1 and 2 exhibited increased phosphorylation of players in the interleukin-1 (IL-1) and transforming growth factor ␤ (TGF-␤) signaling through TAK1 pathways, while animals 3 and 4 showed increased phosphorylation of players in the IL-6, natural killer cell-mediated cytotoxicity, and IL-4 signaling pathways (Table 3). Gene ontology overrepresentation analysis revealed significantly increased phosphorylation of players in the innate immune response and decreased phosphorylation of players in peptidyl-tyrosine phosphorylation for lysates of infected compartments from animals 1 and 2 (Table 4) . Gene ontologies overrepresented in the arrays exposed to lysates from animals 3 and 4 included increased phosphorylation of players involved in epidermal growth factor (EGF) receptor signaling and decreased phosphorylation of players in the Wnt receptor signaling pathway, matching the observed decrease in phosphorylation of Wnt pathway players by visual assessment of top canonical pathways using IPA.
DISCUSSION
We previously used kinome arrays to address how M. avium subsp. paratuberculosis modulates host signaling in isolated in- (13) were significantly differentially phosphorylated in the infected compartments compared to uninfected compartments across all 6 biological replicates. However, major differences between pathways, players, and ontologies were observed for animals that showed different immune response profiles, suggesting that global intestinal kinome profiles reflect different host responses following M. avium subsp. paratuberculosis infection. Kinome analysis of a homogenous cell population, such as M. avium subsp. paratuberculosis-infected monocytes, and kinome profiles of whole-tissue lysates provide distinct information regarding host responses. When studying a homogenous cell population, the kinome arrays can provide insight into specific cell signaling pathways directly altered by M. avium subsp. paratuberculosis infection (12, 13) . In contrast, kinome data from tissue lysates reflect the average effective kinase activity within the diverse cell populations sampled, including both direct and indirect effects, and must be understood as a tissue signature rather than representative pathways for a single cell type. Assaying the overall kinase activities within a tissue and subtracting these values from those for an intra-animal control allows for identification of the most significantly altered kinase activities throughout the tissue. The potential exists that these averaged kinase activities will fail to detect important kinase activity occurring in relatively rare cells such as dendritic cells or macrophages that perform critical functions in defining host-pathogen interactions.
Whole-tissue kinase activity measurements in some ways resemble whole-tissue gene expression profiling, where consistent sampling is important (26) , and results must be interpreted as overall averages of expression. Tissue gene expression has been useful for comparative studies of cancers (27) that can yield valuable in vivo insights (16) . To date, significant success has been achieved for tissue studies focused on kinase activity (28), especially in studies of brain (29, 30) , where high numbers of distinct cell types are represented in a given tissue sample.
The kinome profiles generated with whole intestinal samples indicated that M. avium subsp. paratuberculosis infection can result in divergent kinase activity in different calves. The distinct tissue kinase signatures of different animals could be related to differential recruitment of specific immune effector cell populations (19) . Differences in kinome profiles are also likely influenced by the unique genotypes of outbred calves, and it is likely that a broader range of kinome profiles will be observed as more animals are studied. Genotypes may confer enhanced susceptibility or resistance to M. avium subsp. paratuberculosis infection (9), but the exact linkages are complex and remain undefined. On the other hand, kinase activity provides a more direct measure of phenotypic responses and may provide more effective parameters to identify cattle that mount protective immune responses to infection. Kinome responses may also uncover links to help better characterize protective genotypes. It is understood that M. avium subsp. paratuberculosis subverts the host immune system by inhibiting phagosome-lysosome fusion in macrophages that take up the bacterium (31) . Immune evasion by M. avium subsp. paratuberculosis involves a variety of other mechanisms, including evading cell-mediated immunity through enhancing secretion of suppressor cytokines, activating T-regulatory cells, inhibiting tumor necrosis factor alpha (TNF-␣) expression, and inhibiting cytotoxic killing of infected cells (32) . One of the antigens recognized by M. avium subsp. paratuberculosis infected cattle is a 35-kDa major membrane protein (MMP) (33, 34 ) that most likely corre- sponds to the protein detected with sera from two of the calves in the current study (Fig. 2) . Antibodies do not appear to confer protection against progression of the primarily intracellular infection (32 profiling may be one way to distinguish protective versus nonprotective early responses to M. avium subsp. paratuberculosis infection.
Due to the small sample size, it is difficult to determine the significance of specific differences in kinase activities among the animals exhibiting different immune responses following M. avium subsp. paratuberculosis infection. Further studies with more animals will be required to more confidently determine the kinomic correlates of specific immune responses and more fully define variations that may be influenced by other environmental factors. However, the general increase in phosphorylation of Wnt/ ␤-catenin, IL-1, and TGF-␤ (through TAK1) pathway proteins in animals that showed strong MLN proliferation and IFN-␥ responses to M. avium subsp. paratuberculosis lysate compared to animals that did not show MLN responses to lysates warrants further investigation. Similarly, the increased phosphorylation of IL-6, NK cell, and IL-4 pathway players in animals that showed antibody responses but not MLN proliferation responses to lysate indicates global differences in kinase activity at the site of infection that may reflect either protective or nonprotective responses to M. avium subsp. paratuberculosis infection.
Interestingly, a recent short-term study (0.5, 1, 2, 4, 8, and 12 h) of experimental M. avium subsp. paratuberculosis infection in ileal compartments revealed shifts in gene expression patterns in 4 calves over the course of infection (35) . The authors did not comment on differences between calves, perhaps because very-early-stage responses to infection are less variable. However, the shifts they observed included early suppression (at 0.5 and 1 h postinfection) of the Wnt receptor signaling pathway through ␤-catenin, followed by late-phase activation of the same pathway (at 12 h postinfection) (among several other pathways). They also observed "late-phase" activation of genes implicated in innate immune response gene ontology, which they suggested to be indicative of an effective immune response. Here, we observed increased phosphorylation of innate immune response genes by ileal lysates collected 1 month after infection, most significantly in CMI responder animals, and decreased phosphorylation of Wnt receptor signaling pathway players in animals that failed to mount local M. avium subsp. paratuberculosis-specific CMI but did mount antibody immune responses. These observations seem to suggest a divergence of kinase activity at 1 month postinfection that varied among individual animals. Further studies will be necessary to determine if specific kinase activities may correlate with effective bovine responses to M. avium subsp. paratuberculosis infection and exactly what interval after infection is required before animal-specific differences may be observed. The correlation of specific immune responses against lysates with general kinase activity at the site of infection provides a method to evaluate the effectiveness of host evasion by M. avium subsp. paratuberculosis and may uncover strategies to promote pathogen clearance. 
